The complement activation product, C5a, may play a key role in the acute inflammatory response. Polyclonal antibody to rat C5a was used to define the requirements for C5a in neutrophil-dependent inflammatory lung injury after systemic activation of complement by cobra venom factor (CVF) or after intrapulmonary deposition of IgG immune complexes. In the CVF model, intravenous infusion (but not intratracheal instillation) of anti-C5a produced a dosedependent reduction in lung permeability and in lung content of myeloperoxidase. In C6 
Introduction
The complement system is well known to be necessary for full development of inflammatory injury in a variety of organs (reviewed in references [1] [2] [3] . It has been shown that purified human C5a given intratracheally into hamsters or rabbits can cause pulmonary accumulation of neutrophils (4) (5) (6) . C5-deficient mice have reduced lung inflammatory injury after deposition of IgG immune complexes (7) . In the cobra venom factor (CVF) 1 model of lung injury, the CVF preparation must be able to activate not only C3 but also C5 (8) , accordingly, hereditary absence of C5 protects the subject from lung injury (9) . In vivo infusion of zymosan-activated plasma causes neutropenia (10, 11) , but little evidence of lung injury unless the activated plasma is repetitively infused (12) . In experimental systems, interference with complement availability can be achieved either by complement blockade using recombinant soluble complement receptor-1 (sCR1) (13, 14) or by the use of complement depletion procedures involving serial intraperitoneal injections of CVF (15, 16) . Blockade or depletion of complement (such that plasma levels of C3 are reduced by Ͼ 95%) in models of lung injury after either systemic activation of complement (by intravenous infusion of CVF) or intrapulmonary deposition of IgG immune complexes greatly reduces neutrophil influx and correspondingly diminishes the development of lung injury (16, 17) .
In most biological models, the precise role of the complement in the development of inflammatory injury has not been defined. The anaphylatoxins, C3a and C5a, may play a role in mast cell activation, resulting in release of histamine and other products (18) . The anaphylatoxins can also bring about platelet activation (19) and may play a role in endotoxin-induced shock (20) . C5a may be a major chemoattractant for and activator of phagocytic cells, but it can also directly activate endothelial cells to induce upregulation of P-selectin, thus facilitating adhesion of neutrophils (21) . However, there has been little direct evidence demonstrating the in vivo requirement for C5a in experimental inflammatory models or in clinical inflammatory states. In an earlier report, it is indicated that antibody-induced blockade of C5a reduces injury in endotoxininfused rats (20) . C5b-9 can interact synergistically with TNF ␣ to promote enhanced expression of endothelial E-selectin and intercellular adhesion molecule-1 (ICAM-1) (22) , which in turn would likely enhance neutrophil recruitment. Aside from its cytotoxic effects, C5b-9 is also known to be able to activate macrophages to release proinflammatory cytokines (TNF ␣ , IL-1) and oxidants (superoxide anion) (23, 24) .
In the current studies, complement-dependent lung inflammatory injury was induced in rats either by intravenous infusion of CVF or by intrapulmonary deposition of IgG immune complexes. The IgG immune complex model may be useful for probing events that occur in human inflammatory injury associated with rheumatoid arthritis, systemic lupus erythematosus, immune complex-related glomerulonephritis (e.g., Berger's IgA nephropathy, IgG-related membranous nephritis, rapidly progressive crescentic glomerulonephritis, etc.), and a variety of vasculitis states where Ig and complement deposits have been well documented (reviewed in reference 25). The CVF model produces a picture that has several features similar to those found in adult respiratory distress syndrome (ARDS) of humans and also has some similarity to findings in humans undergoing intravascular activation of complement during cardiopulmonary bypass surgery (26) or during hemodialysis (27) . These complement activation events appear to cause limited and reversible pathophysiological changes in lungs (28) .
Based on the use of antibody to rat-C5a, we now demonstrate that the two experimental lung inflammatory reactions are C5a dependent. As a function of the experimental inflammatory model studied, these reactions differ with respect to the compartment (intravascular vs intraalveolar) in which C5a is playing a role. For unknown reasons, in the IgG immune complex model, C5a is required for full lung production of TNF ␣ and upregulation of lung vascular ICAM-1, both of which are known to play key roles in neutrophil recruitment in this model. These findings expand the role of C5a in lung inflammatory reactions.
Methods
Reagents. Except where specified, all reagents were purchased from Sigma Chemical Co. (St. Louis, MO). mAb 1A29 to rat ICAM-1 was of the IgG 1 subclass. An isotype-matched mouse myeloma protein, MOPC-21, was also used. These antibodies were radiolabeled with 125 I, using chloramine-T. Details of this methodology are described elsewhere (29) .
Isolation and characterization of rat C5a. Rat serum was activated with zymosan particles (30) in the presence of a carboxypeptidase inhibitor. After acidification (pH 4.5), the supernatant fluid was lyophilized, redissolved in water and subjected to column chromatographic isolation involving gel filtration and ion exchange. In the final purification step, C5a was isolated with a mono-S column. SDS-PAGE analysis revealed a single protein band.
Development of antibody to rat C5a. Rabbits were immunized with rat C5a (in complete Freund's adjuvant) obtained from zymosan-activated rat serum. After multiple boostings, serum was obtained and the IgG component fractionated as described below.
Purification of anti-C5a IgG. The IgG fraction of rabbit anti-rat serum was isolated by chromatography on a 1.5 ϫ 12 cm column of protein G Sepharose (Pharmacia Biotech AB, Uppsala, Sweden), equilibrated with binding buffer (DPBS, pH 7.5). The serum was mixed with 2 vol of binding buffer, applied to the column and incubated for 2 h by end-over-end rocking at 4 Њ C. The column was drained and washed with binding buffer until the absorbance in the eluates at 280 nm was below 0.02. The IgG-ligand interaction was dissociated by eluting six times with 1 ml of 0.1 M glycine (pH 2.5) with 200 l 1 M Tris (pH 8.8) present. The eluate was dialyzed four times in PBS (pH 7.4) with decreasing concentrations of Tris/glycine, with no Tris/glycine in the last dialysis procedure. The IgG was then concentrated by centrifugation in Centricon 100 devices (Amicon Corp., Beverly, MA) with a molecular weight cutoff of 100 kD, to a final concentration of 2.5 to 5.5 mg/ml.
Characterization of anti-rat C5a. Rat C5a purified from zymosan-activated rat serum containing a carboxypeptidase inhibitor was analyzed in SDS-PAGE and detected by staining with Coomassie blue. IgG enriched in anti-rat C5a (described below) was analyzed for its ability to block chemotactic responses of neutrophils to purified rat C5a or to complement-activated serum. In addition, the antibody was added to whole rat serum to assess effects on hemolytic complement (CH50) activity (15) . Finally, the antibody was used in Western blot analysis to define its ability to react with products in complement-or noncomplement-activated rat serum. With respect to gel electrophoresis/Western blot transfer techniques, along with reference molecular weight standards, samples were run in 15% SDS-PAGE gels. Affinity (anti-C5a) purified products from normal and activated rat serum were loaded based on volume (20 l), whereas 1 g purified rat C5a was used. In the latter case, the gel was then stained with Coomassie blue. For Western blots, proteins were transferred onto a polyvinylidene difluoride membrane (Schleicher & Schuell, Inc., Keene, NH) using a semidry electrophoresis apparatus (LKB Multiphor II; Pharmacia Biotech AB) according to the manufacturer's instructions. The blot was reacted overnight with 5% milk and probed with anti-C5a antibody (50 g/ml), followed by incubation with goat anti-rabbit horseradish peroxidase-conjugated antibody at a dilution of 1:1,000 (Bio-Rad Laboratories, Hercules, CA). Blots were further processed for enhanced chemiluminescence, again, according to manufacturers instructions (Amersham Corp., Arlington Heights, IL).
Neutrophil chemotaxis assay. Whole blood was obtained from healthy human volunteers and drawn into tubes containing citrate. Neutrophils were isolated by Ficoll and dextran (Pharmacia Biotech AB) separation. Remaining red blood cells were hypotonically lysed and the neutrophils washed and resuspended in DPBS-BSA. Neutrophils were fluorescein labeled with BCECF (Molecular Probes, Inc., Eugene, OR), washed again, and resuspended to a final concentration of 5 ϫ 10 6 cells/ml in HBSS-BSA. The wells of the bottom part of the chamber (NeuroProbe Inc, Cabin John, MD) were filled with 30 l of chemoattractant. The upper wells were filled with 44 l of the neutrophil suspension and the chambers were incubated for 30 min at 37 Њ C. The number of cells that migrated through the polycarbonate filter with a pore size of 3 m was measured in a cytofluorometer (Cytofluor 2300; Millipore Corp., Bedford, MA) (31) . While rat neutrophils obtained from glycogen-induced peritoneal exudates responded chemotactically to purified C5a, the background counts (in the absence of C5a) were high (data not shown); accordingly, the assays were confined to the use of purified human blood neutrophils that demonstrated very low background responses.
Bronchoalveolar lavage fluid content of TNF ␣ . Bronchoalveolar lavage (BAL) fluids were collected using repetitive lung lavage with 9.0 ml sterile saline. Approximately 80% of the instilled fluid was recovered from each animal. The fluids were centrifuged (4,000 g ϫ 10 min) to remove cells and the supernatant fluid stored at Ϫ 70 Њ C before analysis. TNF ␣ activity was determined by using equal volumes of log 2 dilutions of samples in 96-well microtiter plates, which were coated with monolayers (5 ϫ 10 4 ) of target LM cells (mouse fibroblast cell line derived from NCTC clone 929; American Type Culture Collections, Rockville, MD) in the presence of actinomycin D. A reference standard consisting of serially diluted recombinant murine TNF ␣ was used in additional sets of wells. The cells were incubated at 37 Њ C for 18 h and the supernatants discarded. The remaining adherent cells were washed with sterile saline and stained with crystal violet. The plates were again washed with sterile saline, air dried, and read for absorbance at 620 nm in a microtiter ELISA reader (EL340; Bio-Tek Instruments, Inc., Winooski, VT). Units of TNF ␣ were defined as the reciprocal of the dilution causing 50% cytolysis.
IgG immune complex alveolitis. Rabbit polyclonal IgG rich in antibody to BSA (anti-BSA) was purchased from Organon Teknika (West Chester, PA). Immune complex lung injury was induced by the intratracheal instillation of 2.5 mg anti-BSA in 300 l sterile saline followed by the intravenous injection of 10 mg BSA (in 1.0 ml saline and containing 0.5 Ci 125 I-BSA). Rats were killed 4 h after injection and the pulmonary circulation flushed with 10 ml saline via pulmonary artery injection. Permeability indices, as a measure of lung injury, were determined by comparing the amount of 125 I-labeled BSA present in lung parenchyma to the amount present in 1.0 ml blood obtained at the time of death (16) .
CVF-induced lung injury. CVF was isolated from cobra venom Naja naja by a combination of ion exchange and gel filtration techniques (15, 17) . Unless otherwise noted, 4 U CVF together with an aliquot of 125 I-BSA (0.5 Ci) were injected intravenously in a single bolus into male 300 to 350 g Long Evans rats. Animals were killed 30 min later and the lung vasculature perfused with 10 ml saline via pulmonary artery injection. Permeability indices were calculated according to methods described elsewhere (17) .
C6-deficient and C6-sufficient rats.
To evaluate the possibility of complement components beyond C5 (e.g., the membrane attack complex, C5b-9) being involved in the development of CVF-induced acute lung injury, intravenous injections of CVF were performed in PVG/c rats that were either C6 deficient (PVG/c Ϫ ) or C6 sufficient (PVG/c ϩ ). This complement-deficient strain of rats was discovered only recently and has been described in detail elsewhere (32, 33) .
Intrapulmonary reconstitution of C5a in complement-depleted rats. Complement depletion in rats was accomplished by intraperitoneally injecting 25 U CVF per animal at 36, 24, and 12 h before the induction of lung injury. This methodology reduces plasma C3 levels to less than 3% of their original levels (34). 2.5 g purified rat C5a mixed with the anti-BSA preparation were instilled intratracheally into complement-depleted and complement-intact rats in an effort to determine if C5a could restore the acute inflammatory response to IgG immune complex deposition in complement-depleted rats.
Lung measurement of myeloperoxidase (MPO). Lungs were homogenized (Polytron homogenizer; Tekmar Co., Cincinnati, OH) (4 ϫ 10 s at a setting of 4) using 6 ml of a polytron homogenizer buffer (50 mM phosphate, pH 6.0). Homogenates were then subjected to centrifugation (3,000 g ϫ 30 min) at 4 Њ C. MPO activity in supernatants was assayed by measuring the change (per min) in absorbance at 460 nm resulting from decomposition of H 2 O 2 in the presence of o -dianisidine.
In I counts remaining in the lung and blood were assessed and the binding index determined as follows: binding index ϭ cpm lung/cpm 1.0 ml blood. Details of this procedure are described elsewhere (29) .
Statistical analysis. All data were subjected to one-and two-way analysis of variance. Individual group values were compared using the Newman-Keuls test, with a significant difference assigned when P Ͻ 0.05. All data are presented as means Ϯ SEM.
Results
Characterization of anti-rat C5a antibody. IgG isolated from serum obtained from two rabbits immunized to rat C5a was tested for its ability to suppress chemotactic activity in whole rat serum after activation by glycogen (10 mg oyster glycogen type II/ml rat serum, 37 Њ C for 30 min). Chemotactic responses to human neutrophils were measured using a cytofluorometric technique as described above. As shown in Fig. 1 , activated rat serum induced an increase in cell migration as a function of the serum dilution ( A ). A dose-dependent neutrophil chemotactic response was also observed with purified rat C5a ( B ). A doseresponse suppression of chemotactic activity was determined after addition of increasing amounts of anti-C5a to either activated rat serum (1:20 dilution) or to the purified C5a preparation (10 nM). On the basis of ELISA analysis, the concentration of C5a in glycogen-activated rat serum was 500 ng/ml (data not shown). Anti-C5a in doses of 6.25, 12.5, 25, 50, and 100 g/ml activated rat serum resulted in 70, 91, 94, 87, and 74% reductions, respectively, in chemotactic activity for neutrophils, whereas suppression of chemotactic activity in purified rat C5a required higher doses of anti-C5a (50-100 g/ml) ( C ). The differences in the amounts of anti-C5a required for suppression of chemotactic activity in activated serum and in the purified C5a preparation are probably due to the fact that considerably more (nearly sevenfold) purified C5a was used in the chemotaxis assay when compared to the amount of C5a des arg in the glycogen-activated serum (data not shown). When anti-C5a (at a final concentration of 50 g/ml) was added to 10 nM formyl-Met-Leu-Phe, no reduction in the chemotactic response was found (data not shown).
Three types of analysis of C5a/C5a des arg were carried out. C5a purified from zymosan-activated rat serum in the presence of a carboxypeptidase inhibitor demonstrated a pro- Figure 1 . Levels of neutrophil chemotactic activity using dilutions of activated rat serum (A), purified rat C5a (B), and inhibition of chemotactic activity in these preparations by anti-rat C5a (C). In C, the concentration of C5a was 10 nM. In many cases, error bars were so small as to be invisible. For each line graph, n ϭ 4.
tein band (as detected by Coomassie blue staining) in the region of the 14.3-kD marker (Fig. 2 A ) . The material appearing near the origin represents nonconvalent tightly bound polymers of rat C5a, as determined by mass spectroscopy (T.E. Hugli, personal communication). Normal rat serum or rat serum that was activated by glycogen in the absence of a carboxypeptidase inhibitor was passed through an immuno-affinity column containing anti-rat C5a. Captured material was eluted with glycine buffer (pH 2.5), neutralized, and then subjected to SDS-PAGE and Western blotting, as described above. Reaction products were detected by enhanced chemiluminescence techniques. The results are shown in Fig. 2 B , where little or no material was detected in either nonactivated or activated rat serum when preimmune rabbit IgG was used. In contrast, when anti-C5a IgG was used, a prominent product migrating just past the 14.7-kD marker was found (Fig. 2 B ) . Little, if any, material was found in fractions from nonactivated serum. A third experiment was carried out in which purified rat C5a and C5a des arg purified from glycogen-activated serum by immunoaffinity methods were electrophoresed in SDS-PAGE and analyzed by Western blot analysis. The results, as shown in Fig. 2 C , indicate the slightly slower position of C5a des arg, as would be expected when a positively charged amino acid (arginine) was lost from the C5a molecule (30) .
Another analysis of the anti-C5a preparation involved addition of the antibody to normal rat serum, followed by analysis of total serum CH50 activity. The amounts of anti-C5a added were 0, 10, 20, 40, and 80 g/ml rat serum, followed by incubation at 37 Њ C for 30 min. The serum samples were then analyzed for CH50 (serum dilution causing 50% hemolysis) activity using sensitized sheep RBC and employing hemolysis as the endpoint (34) . Under these conditions, the CH50 values (U/ml) were: 99, 94, 91, 93, and 94, respectively (data not shown). None of these values was statistically significantly different from the value obtained in rat serum to which no antiC5a was added, indicating that anti-C5a did not interfere with the hemolytic activity of rat C5. When rats were infused intravenously with 300 g anti-C5a and serum obtained 30 min later, there was no reduction in CH50 levels (data not shown) indicating that, like the in vitro data (described above), antiC5a did not adversely affect the function of intact C5.
Blockade by anti-C5a of CVF-induced acute lung injury. Immediately before intravenous infusion of 4 U CVF, rats received an intravenous injection of either 200 g preimmune rabbit IgG or 50-300 g rabbit IgG anti-rat C5a. Animals were killed 30 min later, at which time lung permeability changes were determined (negative and positive values being 
(C) Rat C5a and rat C5a des arg were electrophoretically separated in SDS-PAGE, and then transferred and subjected to Western blot analysis, and analyzed Western blot analysis, using enhanced chemiluminescence. Positions of molecular weight standards are shown. 0.05 Ϯ 0.001 and 0.60 Ϯ 0.06, respectively), together with analysis of lung MPO content (negative and positive control values being 0.27 Ϯ 0.04, and 1.57Ϯ0.03, respectively). The effects of treatment with anti-C5a are shown in Fig. 3 A and B . The intravenous administration of 50, 100, 200, or 300 g rabbit IgG anti-rat C5a (as compared to intravenous infusion of 200 g preimmune rabbit IgG in reference positive controls) produced reductions in vascular permeability of 2% (P, NS), 52% (P ϭ 0.04), 69% (P ϭ 0.014), and 95% (P ϭ 0.003), respectively. Similarly, at the same concentrations of anti-rat C5a, lung MPO content was reduced 5% (P, NS), 17% (P ϭ 0.008), 27% (P ϭ 0.002) and 39% (P Ͻ 0.001), respectively. It is obvious from the data in Fig. 3 that anti-C5a is more effective in reducing the permeability increase than the MPO increase in CVF-infused rats. This may relate to the doses of C5a that are optimal for neutrophil activation (10 nM) vs endothelial cell activation (100 nM) (21) . Accordingly, it seems likely that anti-C5a-induced inhibition of endothelial cell expression would be favored over inhibition of neutrophil activation. Accordingly, partial neutrophil activation could occur, resulting in leukoaggregates entrapped in lung capillaries but, in the absence of P-selectin expression by endothelial cells, endothelial damage would be substantially attenuated. In the same series of experiments, when 200 g anti-rat C5a were administered intratracheally immediately before intravenous infusion of CVF, neither a reduction in permeability nor a fall in lung MPO content resulted (data not shown). These data indicate that CVF-induced lung injury requires the participation of C5a within the vascular compartment. The failure to achieve complete blockade with anti-C5a may be that it is not affinity purified, that neutrophils are releasing preformed cytokines and chemokines that contribute to neutrophil activation, or that other factors are also involved.
Protective effects of anti-C5a as a function of CVF dose.
A series of studies was initiated to assess the protective effects of 300 g anti-C5a that was administered intravenously just before the intravenous infusion of 4, 6, or 8 U CVF. The negative and positive controls received an intravenous infusion of 200 g IgG purified from preimmune rabbit serum. The results are shown in (Fig. 4, A and B) . Positive controls receiving 4, 6, or 8 U CVF showed permeability values of 0.60Ϯ0.09, 0.74Ϯ0.01, and 0.73Ϯ0.01, respectively, while MPO values in the same group were 1.55Ϯ0.03, 2.21Ϯ0.03, and 2.58Ϯ0.07, respectively (Fig. 4, A and B) . Under the experimental conditions employed, intravenous infusion of 0, 2, 4, 6, or 8 U CVF resulted in plasma levels (ng/ml) C5a (at 5 min): 4Ϯ1, 531Ϯ83, 835Ϯ51, 1,548Ϯ236, and 1,703Ϯ242, respectively. Thus, C5a levels were proportional to the amounts of CVF infused (Schmid, E. and P.A. Ward, unpublished results). Treatment of rats with anti-rat C5a followed by infusion of 4, 6, or 8 U CVF caused reductions in vascular permeability of 93% (P ϭ 0.012), 71% (P ϭ 0.006), and 32% (P Ͻ 0.05), respectively, while the corresponding reductions in MPO were 37% (P Ͻ 0.001), 55% (P Ͻ 0.001), and 29% (P ϭ 0.005), respectively. Thus, the protective effects of anti-rat C5a were inversely related to the dose of CVF used.
Lack of requirement for C6 in CVF-induced lung injury. The availability of genetically C6-deficient rats as well as C6-sufficient rats allowed us to determine if complement components beyond C5 (e.g., the membrane attack complex, C5b-9) might contribute to CVF-induced lung injury (as defined by extravascular leak of 125 I-albumin). The results are shown in Fig. 5 . Infusion of saline into C6-sufficient or C6-deficient rats caused low permeability values (permeability indexes of Ͻ 0.06). CVF infusion into C6-sufficient rats caused a nearly ninefold increase in the permeability index (to a value of 0.49Ϯ0.05). In C6-deficient rats, the index rose eightfold (to 0.41Ϯ0.09), but this value was not statistically different from that found in the C6-intact animals. Accordingly, it would appear that complement activation products beyond C5 do not participate in a significant manner in the development of lung injury in this model.
Reduction in IgG immune complex-induced lung injury after treatment with anti-rat C5a
. Anti-rat C5a was added (in amounts of 50, 100, or 200 g) to the anti-BSA preparation before intratracheal administration, followed by intravenous infusion of BSA (10 mg). Lung injury was measured at 4 h. The negative and positive reference controls received 200 g preimmune rabbit IgG that was mixed with the anti-BSA before its intratracheal instillation. The effects of anti-C5a on development of vascular permeability (leakage of 125 I-albumin) and lung MPO content were assessed. In a companion set of animals, instead of intratracheal administration, 300 g antiC5a were infused intravenously. The permeability values (Fig.  6 A) in the negative and positive control groups were 0.10Ϯ0.01 and 0.68Ϯ0.01, respectively, while the MPO values (Fig. 6 B) in the same groups were 0.27Ϯ0.04 and 1.80Ϯ0.07, respectively. Intratracheal doses of 50, 100, or 200 g anti-C5a caused reductions in permeability values by 21% (P, N.S.), 55% (P ϭ 0.002), and 59% (P ϭ 0.001), respectively, whereas the intravenous infusion of 300 g anti-C5a reduced vascular permeability by only 24% (P, NS) (Fig. 6 A) . In the same group of animals treated with 50, 100, or 200 g anti-C5a intratracheally, MPO values fell by 21% (P, NS), 52% (P ϭ 0.002), and 57% (P ϭ 0.001), respectively. Intravenous infusion of 300 g anti-C5a failed to reduce lung content of MPO (Fig. 6 B) . It should be noted that, while not significantly protective in the IgG immune complex model of lung injury, 300 g anti-C5a administered intravenously reduced lung vascular permeability by 95% in the CVF model of lung injury (Fig. 3) . Thus, C5a is required in the airway compartment for recruitment of neutrophils and for full development of injury after intrapulmonary deposition of IgG immune complexes.
Reconstitutive effects of C5a in IgG immune complexinduced lung injury in complement-depleted rats. Rats were complement depleted by serial intraperitoneal injections of CVF, and then subjected to intrapulmonary deposition of IgG immune complexes and compared to complement-intact rats. Complement depletion is known to depress neutrophil accumulation and development of lung injury (16) . Injury, as reflected by increased vascular permeability, was measured together with lung content of MPO 4 h after intrapulmonary deposition of IgG immune complexes. In some cases, purified rat C5a (2.5 g) was added to the anti-BSA preparation before intratracheal instillation to assess effects of C5a on reactions in rats with intrapulmonary deposits of BSA/anti-BSA immune complexes. Complement-intact and -depleted animals were used. The permeability index (leakage of 125 I-albumin) and lung MPO content were used as endpoints. The data are shown in Fig. 7 . In this experiment, the negative and positive control permeability values were 0.12Ϯ0.01 and 0.47Ϯ0.02, respectively, while MPO values in the same groups were 0.27Ϯ0.02 and 1.77Ϯ0.06, respectively. When 2.5 g rat C5a were added to PBS that was instilled intratracheally into lungs of the negative control group, the permeability index and MPO values rose modestly, more than doubling (0.22 and 0.55, respectively). In the case of the positive controls in which both the mean permeability index and the mean MPO value were dramatically increased as compared to the negative controls (Fig. 7, A and B) , the addition of C5a to the anti-BSA prepa- ration given to complement-intact rats did not further increase in a statistically significant manner either the permeability index or the MPO content in these positive control groups (Fig.  7) . In the positive controls that had been complement depleted, the permeability index fell by 46% as compared to the complement-intact positive controls (Fig. 7 A) . The reason that complement depletion only reduces the permeability and MPO changes in the IgG immune complex model may be related to the fact that anti-C5a is most protective if given tracheally. This implies that complement activation is occurring mainly in the alveolar compartment. Access of CVF to the alveolar compartment for complement depletion procedures may be limited. In the presence of 2.5 g C5a, the permeability increase in the complement-depleted group was fully restored to levels found in the complement-intact positive controls. This restorative effect was nearly totally abolished in the copresence of 200 g anti-rat C5a (administered intratracheally) (Fig. 7 A) . In the case of lung MPO content, complement depletion caused a 54% fall in MPO content in positive controls; this reduction was fully restored in the presence of 2.5 g C5a (Fig. 7 B) . The restorative effects of C5a were totally abolished in the copresence of anti-rat C5a (Fig. 7 B) . Thus, under the experimental conditions used, C5a can fully restore the inhibitory effect of complement depletion in this model of lung injury. It appears that C5a plays a major role in lung inflammatory injury induced by deposition of IgG immune complexes and that exogenously administered C5a can fully restore inflammatory responses in complement-depleted animals.
Requirement for C5a in in vivo upregulation of lung vascular ICAM-1. Upregulation of lung vascular ICAM-1 was analyzed in rats after intravenous infusion of CVF or following intrapulmonary deposition of IgG immune complexes, and the requirement for C5a in this upregulation was determined. In the CVF studies, the negative control group (receiving sterile saline intravenously) and the positive control group (receiving 4 U CVF intravenously) also received an intravenous infusion of 200 g preimmune rabbit IgG or 200 g anti-rat C5a IgG. As shown by the data in Fig. 8 A, These results contrast with the findings in the IgG 1 immune complex model of lung injury, which is known to be associated with TNF␣-dependent upregulation of lung vascular ICAM-1 (29) . For the current studies, negative and positive control groups received, together with the anti-BSA administered intratracheally, 200 g of either preimmune rabbit IgG or the same amount of anti-rat C5a IgG. In the negative control animals, binding of MOPC-21 to the lung vasculature was low while binding of anti-ICAM-1 was somewhat higher, reflective of constitutive ICAM-1 (Fig. 8 B) . In the positive control animals, which also received an intratracheal administration of 200 g preimmune rabbit IgG together with anti-BSA, binding of MOPC-21 remained very low, but the binding index for anti-ICAM-1 at 4 h rose nearly threefold in the positive control group (which also received 200 g preimmune IgG intratracheally). The binding index for anti-ICAM-1 in the positive control group was ‫ف‬ 10-fold above the binding index for MOPC-21 (Fig. 8 B) . In the presence of 200 g anti-rat C5a (instilled intratracheally), there was a dramatic reduction (by 81%, P ϭ 0.002) in the binding index related to lung vascular ICAM-1 expression (Fig. 8 B) . In fact, the binding index for anti-ICAM-1 was statistically not different from the value recorded in the negative controls. Thus, C5a is necessary for full upregulation of lung vascular ICAM-1 in animals undergoing intrapulmonary deposition of IgG immune complexes.
Effects of anti-rat C5a on TNF␣ levels in BAL fluids. Because it is known that in vivo upregulation of lung vascular ICAM-1 after intrapulmonary deposition of IgG immune complexes requires TNF␣ (29) , BAL fluids were evaluated at 4 h in negative and positive control rats receiving intratracheal administration of 200 g anti-rat C5a or preimmune rabbit IgG, according to the details outlined in Fig. 9 . In negative controls, BAL fluids contained very little TNF␣ (381Ϯ28.4 pg/ml), while BAL fluids from positive controls (receiving preimmune IgG intratracheally) contained 12,042Ϯ1,671 pg/ml, a 32-fold increase over negative controls (Fig. 9) . In striking contrast, BAL levels of TNF␣ in positive controls receiving anti-C5a intratracheally were dramatically reduced (by 91%), to 1,061Ϯ 383 pg/ml (Fig. 9) . Accordingly, in this model of lung injury, TNF␣ production requires C5a. Blockade of C5a dramatically reduced in vivo upregulation of lung vascular ICAM-1 (Fig. 8) , probably because of its ability to cause profound reduction in BAL levels of TNF␣. The precise manner in which C5a facilitates lung generation of TNF␣ is unknown.
Discussion
Although the requirements for complement in the CVF and IgG immune complex models of neutrophil-dependent lung injury have been well established, it has not been clear precisely which activation products of complement are involved in these inflammatory models of lung injury. While complement depletion or complement blockade results in protective effects that are accompanied by greatly reduced neutrophil accumulation, there are several mechanisms by which complement could be involved in these events, as described above. A variety of C5a-dependent mechanisms (chemotactic activity, induction of P-selectin, etc.) could be operative at the same time (35) . C5a could also function as an activator of macrophages, resulting in production of cytokines and/or toxic oxygen products, the key role of TNF␣ and IL-1 being upregulation of lung vascular ICAM-1 (and E-selectin) after intrapulmonary deposition of IgG immune complexes (29) . C5b-9 could also cause expression of endothelial P-selectin (Kilgore, K.S., B.F. Miller, J.S. Warren, personal communication) (36) , or it could function together with TNF␣ or IL-1 to cause synergistic expression of endothelial E-selectin and ICAM-1 (22) . Finally, C5b-9 could directly activate lung macrophages to produce cytokines and oxidants (23).
In the case of CVF-induced lung injury, any effects of complement activation products on cytokine production can be ruled out, since early response cytokines (TNF␣, IL-1) do not participate in this rapidly developing type of injury (37) . On the basis of the data in the current report, in the CVF model of lung injury, which is P-selectin-dependent (38), the requirement for C5a may be related to its ability to cause neutrophil as well as endothelial cell activation (see above). The fact that C5a blockade by anti-rat C5a greatly reduced neutrophil accumulation indicates a key role for C5a in this model of inflammatory injury. Neutrophils accumulate intravascularly in lung capillaries after intravenous infusion of CVF, and these cells appear to undergo activation by C5a, which results in homotypic cell aggregation and activation of NADPH oxidase. C5a is almost surely involved directly or indirectly in activating the vascular endothelial surface in a manner that leads to P-selectin-dependent neutrophil adhesion. The combined activation of neutrophils and endothelial cells appears to be required for the full production of lung vascular injury. In the IgG immune complex model of lung injury, cytokines play a key role in events leading to neutrophil accumulation and tissue injury (29, 39) . In this model, C5a may be functioning as a chemoattractant of neutrophils as well as an activator of lung residential macrophages. The data in the current report demonstrate unequivocally that C5a is required for the full development of lung injury in both models of neutrophil-dependent lung injury and that there is a compartmentalized role for C5a. In this model of injury, cytokines in addition to TNF␣ and IL-1 also participate in lung injury. MIP-1␣, a C-C chemokine is expressed during the inflammatory reaction. It blockade protects against inflammatory injury in a manner that is associated with reduced TNF␣ levels (40) . Accordingly, MIP-1a may function as an autocrine activator to facilitate TNF␣ production and, ultimately, upregulation of lung vascular ICAM-1. Currently the roles of two C-X-C chemokines, MIP-2 and cytokine-induced chemoattractant for neutrophils, are being explored (Shanley, T.P., H. Schmal, and P.A. Ward, submitted for publication).
In the cytokine-dependent model of lung injury triggered by intrapulmonary deposition of IgG immune complexes, anti-rat C5a was protective only if given intratracheally. This implies that, in this model, complement activation is occurring within the alveolar compartment. Whether there are sufficient amounts of the appropriate complement components within the alveolar compartment for generation of complement activation products or whether the components derive from the plasma proteins that leak into the alveolar compartment is not known at present.
The most interesting and unexpected aspect of this study was the finding that blockade of C5a in the IgG immune complex model of lung injury was associated with a substantial drop in the upregulation of lung vascular ICAM-1 (Fig. 8) , an essential adhesion molecule required for neutrophil recruitment in this model (41) . The reduced upregulation of ICAM-1 could be related to a dramatic drop in BAL levels of TNF␣, which have been previously shown to be required for upregulation of lung vascular ICAM-1 in this inflammatory model (29) . The role of C5a in TNF␣ production may reflect the fact that C5a interacts synergistically with immune complexes to cause lung macrophages to generate maximal amounts of TNF␣, but this remains to be proven. These results suggest that, in the immune complex model of inflammatory lung injury, C5a has functions that extend beyond a chemotactic pathway. In terms of chemotactic activities in BAL fluids of immune complex-injured rats, MIP-2, and cytokine-induced chemoattractant for neutrophils chemokines are the predominant chemotactic species while C5a is present as a minor contributor. (Schmid, E., and P.A. Ward, unpublished observations). The target of complement blockade has important theoretical and clinical implications. To date, aside from complement consumptive depletion, which is effective experimentally but not likely to be attractive in the clinical setting, there are three approaches that show experimental efficacy. sCR1 interferes with C3 and C5 convertases, reducing both C3a and C5a anaphylatoxin generation as well as formation of C3b and C5b-9 (13) . As demonstrated in a variety of inflammatory models, sCR1 has effective antiinflammatory activity (14) . The drawbacks of therapy with sCR1 may be product cost and interference in generation of protective opsonic products, such as C3b. Recently reported is the use of antibody to C5, which blocks generation of C5 activation products (C5a and C5b-9) without interfering in generation of C3a (and presumably C3b) (42) . When anti-human C5 was added to human blood that was perfused through a cardiopulmonary bypass machine, activation products of complement (C5a and C5b-9) were greatly diminished. This strategy for complement blockade is appealing, except for the fact that the antibody interferes with generation of C5b-9, which is important in lytic defenses against gram negative bacteria (2) . Some bacteria contain C3 and C5 convertases that may generate biologically active cleavage products of C3 or C5 and, at higher doses, inactivate many of these peptides (43) . It could be argued that, under such conditions, generation of C5a by bacterial enzymes might be protective by inducing local, acute inflammatory responses and, therefore, that blockade of C5a could theoretically impair protective inflammatory responses to bacteria. It has been reported that polyclonal antibody to human C5a des arg was protective in a model of sepsis (Escherichia coli) in nonhuman primates (44) . However, the fact that animals infused with this antibody showed substantial reductions in blood levels of C5, as determined by immunoassay techniques (45) , suggests that this antibody was reactive with intact C5, causing loss of serum CH50.
The current studies suggest that C5a may be an inviting target in clinical settings, whether through employment of a blocking antibody or use of nonantibody-based antagonists of C5a, such as peptides or reactive oligonucleotide preparations. To the extent that the studies in this report can be extrapolated to human diseases in which there is compelling evidence that complement activation has occurred (as described above), selective blockade of C5a in the absence of interference with production of C5b-9 has many appealing aspects. That anti-rat C5a does not block the hemolytic activity of whole rat serum makes it unlikely that this antibody would interfere with formation of C5b-9. Additional understanding of the role of the complement system in the inflammatory response will provide important clues for development of complement-blocking approaches in human inflammatory disorders.
